Abstract: The first step in obtaining of a specific polymer sorbent containing sulfur atoms was the synthesis of a functional monomer -2,2′-thiobisethanol dimethacrylate (TEDM). Synthesis consists of the reaction of 2,2′-thiobisethanol with methacryloyl chloride in the presence of triethylamine in methylene chloride. The new poly(dimethacrylate)s materials containing sulfur atoms were synthesized in radical suspension polymerization. Homopolymerization of 2,2′-thiobisethanol dimethacrylate and its copolymerization with ethylene glycol dimethacrylate or pentaerythritol tetraacrylate were carried out. The selection of synthesis conditions determines the parameters of the polymer structure and its properties. The presence of sulfur atoms in polymer chains resulted in specific donor-acceptor interactions, which can intensify sorption ability towards metal ions belonging to the group of soft acids. Therefore, the sorption properties of the obtained materials have been determined based on the recovery of precious metal ions, such as gold(III) and silver(I).
Introduction
Searching for additional methods of obtaining of precious metals, such as for example gold, silver, palladium and platinum, is of great importance due to the still increasing demand for these metals [1] . Most mining methods are associated with cost and adverse environmental impact during processing of ores. Additionally, high dispersion and low concentration of precious metals often resulted in the insufficient recovery of those metals in the traditional pyro-and hydrometallurgical processes. At present, the recycling of waste materials, especially electronic scrap, is another promising way in the acquisition of precious metals [2] [3] [4] [5] . From this technology, it is also required to be highly efficient and harmless to the environment. These facts open up a possibility of application of sorption processes. Polymeric sorbents, like coordinating resins can be used for this purpose [1, 6] . These materials have covalently bound functional groups containing one or more donor atoms that are capable of forming complexes directly with metal ions or with their complexes. Therefore, coordinating resins are very useful in the recovery, preconcentration and determination of metal ions from various chemical media. An additional advantage of using polymeric resins is the high selectivity resulting from the possibility of the formation of specific interactions between the sorbent and the sorbate. This makes possible separation of one or more metal ions from multicomponent solutions. Additionally, polymeric resins are easily regenerable and do not require the use of large amounts of harmful regenerating agents. The efficiency of the recovery process depends on the properties of the coordinating resin (type and structure of an introduced ligand, cross-linking degree, swelling), the properties of the metal ion (ion charge, radius and the degree of hydration of ion), and the process parameters such as: pH of the solution, contact time or ion concentration. It needs to be highlighted that polymeric sorptive materials, including coordinating resins can be used when the concentration of metal ions in the solution is small (less than several milligrams per liter), which is a great advantage in many cases. Therefore, the choice of the polymer matrix and the type of incorporated functional group play a very important role in obtaining the appropriate selectivity in metal ions sorption processes.
The presence of acidic and alkaline centers in the polymer structure increases specific interactions between polymer surface and metal ions and thus increases the sorption capacity and selectivity of the sorbent. In the polymers surface investigations, it was found that the introduction of sulfide, ether or amino groups into the polymer structure causes both an increase in nucleophilicity and surface capacity for acidbase interactions. The greatest influence is exerted by the introduced sulfur atom [7] . Introduction of sulfur atoms into the macromolecules gives them specific properties and a possibility for creating specific shortrange interactions with other atoms by transferring electron density. As a member of the third period in the Elemental Table, sulfur exhibits markedly good binding property for metal ions because of its low-lying empty 3d orbital [8] . The susceptibility of the surface to changes in acid-base properties, combined with changes in dispersion properties, determines the practical use of polymers. According to the Pearson's Hard and Soft Acids and Bases (HSAB) Theory, it is well known that sulfur-containing materials could be capable of complexing soft metal cations. Ligands with soft type donors such as sulfur prefer interactions with soft acceptors, which have a larger atomic/ionic radius and are more easily polarizable. Therefore, modified polymers with coordinating properties, whose functional groups incorporated into the polymer matrix contain sulfur donor atoms have a high affinity for gold, silver and platinum group metals [1, 6, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The introduction of groups/atoms responsible for specific interactions into the polymer structure can be done in two ways. The first one is the chemical modification of the cross-linked polymer matrix, leading to increased specific interactions mainly on the surface of the polymer grains. The second one is the polymerization of the functional monomer, which allows obtaining a sorbent with a higher content of atoms/groups capable of specific interactions. Therefore, in this work, the synthesis of new sorbents from a functional monomer containing sulfur atom, capable of donor-acceptor interactions with metal ions classified as soft acids, has been proposed.
Materials and methods

Materials
The following chemicals were obtained from commercial sources: methacryloyl chloride, triethylamine, 2,2′-thiobisethanol, benzoyl peroxide (BPO), polyvinyl alcohol, methylene chloride from Sigma-Aldrich; sodium chloride, calcium chloride, sodium hydroxide, cyclohexanol, cyclohexanone, ethyl acetate, toluene, n-heptane from POCH, Poland. Deionized water (Millipore) was used for making the aqueous phase and solutions during sorption studies.
Preparation of monomer
Synthesis of 2,2′-thiobisethanol dimethacrylate (TEDM) involves the reaction of 2,2′-thiobisethanol with methacryloyl chloride in the presence of triethylamine in methylene chloride [23] . The reaction was carried out in a three-neck flask equipped with a mechanical stirrer, a thermometer and a dropping funnel. 24.42 g of 2,2′-thiobisethanol, 40.4 g of triethylamine, 396 g of methylene chloride are placed into the flask and then cooled in a water-ice bath to a temperature below 0 °C. Forty two grams of methacryloyl chloride was placed in a dropping funnel, added dropwise to a flask with thiobisethanol for over an hour, the temperature was kept below 10 °C. After the addition was completed, the solution was stirred for 5 h at room temperature. The resulting precipitate was filtered off under reduced pressure. The filtrate containing monomer was washed several times with 5 % sodium hydroxide solution in order to wash out the monoester, and then with 5 % sodium chloride solution to obtain a neutral pH of the solution.
Monomer characterization
Monomer structure and purity
To confirm that the desired compounds were obtained all products of monomer syntheses were analyzed by 1 H NMR and 13 C NMR spectroscopy. The spectra were recorded on a Bruker Avance DRX 300 NMR spectrometer. The purity of the obtained monomers was confirmed by GC/MS method using Waters GCT Premier system consisting of a high-resolution mass spectrometer with a time-of-flight (TOF) analyzer coupled with a gas chromatograph.
Determination of monomer solubility parameter
A Small's theory [24] was used to determine the solubility parameter (δ) of synthesized TEDM. Table 1 contains molar-attraction constants (F j ) for individual groups present in the monomer. The solubility parameter (δ) was determined from the formula (eq. 1):
ρ i -monomer density, for TEDM ρ TEDM = 1.127 [g cm −3 ], M i -molar mass of the monomer, for TEDM M TEDM = 258.37 [g mol −1 ],
].
Preparation of polymeric sorbents
Specific polymeric sorbents for metal ions recovery were obtained in radical suspension polymerization. The continuous water phase comprised 5 % w/w calcium chloride and 1 % w/w poly(vinyl alcohol) (PVA) (calculated for organic phase). The dispersed organic phase contained monomer (TEDM), initiator -BPO (0.5 % w/w calculated for monomer) and solvents: ethyl acetate, cyclohexanol, cyclohexanone, n-heptane or toluene. The ratio of solvents to monomers in the polymerization mixture was 1:1 w/w. The homopolymer poly(2,2′-thiobisethanol dimethacrylate) (polyTEDM) (P1), the copolymer of 2,2′-thiobisethanol dimethacrylate/ 
Polymer characterization Water regain
Water regain, W (g g −1
) of the sorbent was determined using the centrifugation method and was calculated using eq. 2:
where m w (g) is the weight of wet polymer after centrifugation in a small column with fritted-glass bottom and m d (g) is the weight of polymer after drying at 100 °C overnight.
Chemical composition
The sulfur, carbon, hydrogen and oxygen contents in obtained polymers were measured via an elemental analyzer (CE Instruments, CHNS Model EA1110).
Surface area measurement and pore size estimation
Pore size and surface area were obtained by examining nitrogen adsorption at the liquid nitrogen temperature using Micromeritics ASAP 2020 analyzer. Resultant data were subjected to Brunauer-Emmett-Teller (BET) analysis. The total pore volume was estimated from a single point adsorption at the relative pressure of 0.988.
Scanning electron microscopy
Scanning electron micrographs (SEM) were done to obtain more direct insight into the porous polymer structure. Polymer beads were coated with gold using Edwards Scancoat Six, Pirani 501 apparatus, time of gold coating 600 s. Micrographs were taken on a Zeiss EVO LS 15.
Sorption experiments
Sorption experiments have been carried out using newly obtaining polymeric materials and solutions of metal ions (20 mg dm −3 ) having 0.1 M concentration of hydrochloric acid (except cobalt aqueous solution). A batch method was used in which metal ions solution was contacted in 50 mL Erlenmeyer flask with an appropriate amount of polymer sorbent (15 mg). After shaking at room temperature for 48 h, the sorbent was separated by filtration and the concentrations of metal ions were measured using atomic absorption spectroscopy method (AAS) on a GBC Avanta instrument. AAS analysis was performed for the ions of Ag(I), Cu(II), Ni(II), Co(II), Au(III). The retention rate of the metal ions, R (%) was calculated using eq. 3:
where C 0 and C eq (mg dm −3 ) are the liquid-phase concentrations of metal ions at initial and at equilibrium.
Results
Monomer synthesis
Synthesis of TEDM consists of the reaction of 2,2′-thiobisethanol with methacryloyl chloride in the presence of triethylamine in methylene chloride. Monomer synthesis reaction is shown in Fig. 1 . The purified synthesis product was obtained as a honey color liquid substance. Because of the low efficiency of the process (see Table 2 ), and thus small quantities of products, the synthesis was carried out five times. The obtained synthesis yields of monomer were about 35 %. Substantial reduction in the reaction yields was due to the multistep purification process. During liquid-liquid extraction, a portion of obtained diester was lost because it is slightly soluble in water and can migrate to the inorganic phase. To confirm that the desired compounds were obtained all products of monomer syntheses were analyzed using 1 H NMR and 13 C NMR spectroscopy. For example, Figs. 2 and 3 present the results of the analysis carried out for the synthesis of product M4. In Fig. 2 the signal labeled A is derived from the protons of the methyl group CH 3 . Peak B is the triplet corresponding to protons of the methylene group directly linked to the sulfur atom. Adjacent to it, the second methylene group CH 2 is revealed in the spectrum as a signal C. The protons in the vinyl group =CH 2 are detected as two coupled peaks D and E. The nuclear magnetic resonance shows that the synthesis proceeded well to give the desired product. Other small peaks are impurities. 13 C NMR spectrum presented in Fig. 3 also confirms the structure of 2,2′-thiobisethanol dimethacrylate. The peak labeled 1 is derived from the carbon atom of the methyl group. The carbon atom in the methylene group linked directly to the sulfur corresponds to the peak 2. However, the signal 3 is characteristic for carbon atoms in the methylene group linked to an oxygen atom. Peak 4 originates from the carbon atom in the carboxyl group. The tertiary carbon adjacent to the methyl group is revealed in the spectrum as a peak 5. The carbon atom of the =CH 2 group can be assigned to the signal 6. The not labeled peak is derived from the solvent. Additionally, the purity of the obtained monomers was confirmed by GC/MS method. In the Fig. 4 , there is an example of the GC chromatograms for M1, M2 and M3 products of monomer syntheses. On each of them is a peak with similar retention times -about 30.20 min. which is identified as a peak derived from the TEDM. Other peaks with very low intensities are the small residues after the purification process. Additionally, MS spectrum of the product M1 was compared with a reference spectrum of 2,2′-thiobisethanol dimethacrylate (Fig. 5) . It can be seen that all signals in the spectrum of the obtained product, correspond to the signals of the spectrum of the TEDM standard. 
Polymers syntheses
In order to obtain polymer beads, poly(2,2′-thiobisethanol dimethacrylate) and TEDM copolymers were synthesized in radical suspension polymerization. Three groups of sulfur-containing materials were polymer- ized. One is a homopolymer of TEDM, the second one is TEDM copolymer with ethylene glycol dimethacrylate and the last group are copolymers of TEDM with pentaerythritol tetraacrylate. The synthesized monomer and selected comonomers are more than bifunctional and therefore during polymerization a three-dimensional polymer network has been created. In Fig. 6 a fragment of the poly(2,2′-thiobisethanol dimethacrylate) structure is presented. Five polymers labeled P1 to P5 were prepared. Their chemical compositions are presented in Table 3 , where we can find the kind of comonomers which are used in the syntheses and their weight ratio. The polymerization of TEDM and its copolymerization with other acrylic monomers lead to the polymer particles with various polymerization yields (see Table 3 ). It was found that the final monomer conversion is 83 % for the pure TEDM and its copolymer with EGDMA. For TEDM/PETEA copolymers the polymerization yields depend on the PETEA content. With its increase the copolymerization yields also increase -for P3 13 %, for P4 24 % and for P5 93 %. The same relationship was observed in the copolymerization of PETEA with styrene [25] , where the authors suggested that the polymerization yield is closely related to polymer particle formation, during which the soluble oligomer radicals were captured from the solution by the vinyl groups on the particle surface throughout the polymerization. Additionally, in radical polymerization of multifunctional monomers, the gel stage in the polymerization of more than 4-functional (f > 4) monomers is observed to be appreciably earlier than with conventional 4-functional (f = 4) cross-linkers [26] . Autoacceleration results from a decreasing rate of termination compared to initiation and propagation as radicals on chains and networks move less and less easily, while monomer and oligomer mobilities remain high. Consequently, the radical concentration accumulates and so propagation accelerates. At some point the apparent mobility of free radicals is controlled mainly by reaction diffusion, i.e. through propagation reactions along kinetic chains [27, 28] . It causes that in the polymerization of multimethacrylates and multiacrylates reaction diffusion become the dominant termination mechanism early in the reaction (as early as 5 % conversion) [28] , while for linear polymerizations in which reaction diffusion controlled termination occurs only after 40-60 % conversion. Also, for this reason, we can observe an increase in copolymerization efficiency with the increase in the content of multifunctional monomer (PETEA, f = 8) in the studied systems. Table 3 also contains the type of solvents mixtures used during polymerization. The solvents are responsible for a creation of porous structure in obtained materials. The basis for selecting the appropriate solvents used in the polymerization process was the value called the solubility parameter (δ). Solvents having δ similar to δ of monomer gave smaller pores and a higher surface area (sol solvents). The use of non-sol solvents (the difference in solubility parameters is greater than 1 Hildebrand unit) resulted in worse solvation of monomer and consequently, the pore size became bigger, which in turn caused the decrease of the surface area. The values of solubility parameters for cyclohexanol, cyclohexanone, ethyl acetate, toluene and n-heptane are 23. , respectively. Whereas δ for 2,2′-thiobisethanol dimethacrylate was determined using Small's theory according to the eq. 1; calculated value is 19.8 MPa 1/2 . The differences in the pore structure of the synthesized sorbents are noticeable on scanning electron microscopy images, which are presented in Fig. 7 . It is clearly visible that the polymerization of pure TEDM does not lead to polymer material in a spherical shape. The monomer type affects the surface energy of the polymerizing mixture droplets. This energy is a function of the composition of this mixture which changes with the progress of the reaction. It can be varied also by selection of the type and concentration of the stabilizer. It is also a function of temperature, so it's become even more complicated. Therefore, in order to improve the shape of polymeric grains, it was decided to add a different comonomer (EGDMA or PETEA), which changed the surface energy of droplets of the polymerization mixture. The results showed that only the addition of PETEA to TEDM has provided the satisfactory shape and rigid structure of the synthesized copolymers beads. However, the lack of spherical shape of polymeric grains will affect the sorption kinetics of the tested metal ions, but not their sorption efficiency. The fragmentation of polymeric grains shortens the diffusion path, which improves the sorption kinetics, but due to the donor-acceptor mechanism of sorption, the sorption efficiency, at equilibrium, should remain constant and depends only on the sulfur content.
For the characterization of the porous structure in the prepared sorbents the surface area, pore volume and pore size were measured. Results are presented in Table 4 . The obtained polymers have a mesoporous structure. The pore size is about 3.8-12.6 nm. The specific surface area values vary in the interval between 12 and 66 m 2 g −1
.
The highest surface area has P2 -copolymer TEDM with EGDMA. Generally, obtained materials have poorly developed porous structure. Despite a significant increase in the proportion of sol solvent in the polymerization mixture of polymer P4 and P5, a satisfactory increase in surface area development has not been achieved. This behavior may result from the branched structure of PETEA. The increased proportion of PETEA in investigated copolymers probably increases the proportion of intramolecular cyclization in polymer chains, which in turn can reduce the real degree of cross-linking. The insufficient degree of crosslinking leads to the collapse of the polymer chains during the drying process (after removal of the diluent) and hence generated porous structure is lost. The chemical structure of the obtained polymeric sorbents was examined using elemental analysis. The S, C, H and O contents were determined. The results are presented in Table 5 . In all cases, the experimental data are comparable with theoretical atoms content. The sulfur content is in the range from 3 to 12 %, depending on the amount of introduced sulfur-containing monomer to polymer structure. The presence of sulfur atoms in the polymer structure can increase its specific sorption capacity by creating additional interactions between the sorbent and sorbate. P2 has the highest sulfur content and also the highest water regain -2.43 g of water per gram of polymer. P1 and P3 have high sulfur contents and good swelling properties too (see Tables 4 and 5 ). The higher polymer swelling increases the availability of atoms responsible for specific interactions between sorbate and sorbent. For this reason, these three polymers should exhibit the best sorption properties.
In order to determine the sorption capacity of the obtained poly(dimethacrylate)s materials containing sulfur atoms, the metal ions sorption was carried out. Based on the batch studies the retention rate (R) for metal ions like Ag(I), Cu(II), Ni(II), Co(II), Au(III) are presented in Table 6 . Analysis of the results leads to the conclusion that for the investigated sorbent-sorbate systems, the Pearson HSAB theory can be used, according to which gold and silver ions are soft acids that have a high affinity for soft bases, which include sulfur and its compounds (thiol, thiourea or thiocyanate groups) [29] . The retention rate of metal ions from 0.1 M hydrochloric acid solutions (except cobalt aqueous solution) was examined. The tested materials showed no affinity for copper, cobalt and nickel ions, which belong to hard and transition acids according to HSAB. The precious metal ions were removed in the range from 13 to 98 % for gold(III) ions, and from 3 to 27 % for silver(I) ions. The obtained results can be compared to the percentage of sulfur in investigated polymers. Because the donor sulfur atoms can form bonds with soft acids, they are responsible for the sorption of these metal ions. The studied metal ions are most intensively sorbed by P2, P1 and P3 polymers. The best binding polymers of both Au(III) and Ag(I) are characterized by the highest percentage of sulfur. However, among this group, the P1 polymer has the most sulfur content, but the most intense sorption takes place on the P2 polymer. Most probably, this is due to easier access to the sulfur atoms, because P2 is having better swelling in sorbate solution. Its water regain is almost twice higher than water regain of P1 (see Table 4 ). The relation between metal ions sorption and sulfur content is also not observed for polymer P4. It is a material having a relatively large amount of sulfur, but its retention rate is not satisfactory (R = 13 %). However, it should be noted, that this material has a small water regain, so active sorption centers are available only on the surface of the polymer particles.
Conclusions
Homopolymerization of 2,2′-thiobisethanol dimethacrylate and its copolymerization with ethylene glycol dimethacrylate or pentaerythritol tetraacrylate were successfully carried out, wherein those processes achieve different efficiency depending on the type and amount of used comonomer. The selection of synthesis conditions determines the parameters of the polymer structure and its properties. Due to the presence of divalent sulfur in the polymeric structure the obtained sorbents have the ability to specific donor-acceptor interactions. Their sorption properties were tested in relation to metal ions, which according to Pearson's theory are classified as soft (Au(III), Ag(I)) or hard (Cu(II), Co(II), Ni(II)) acids. Studies have shown that the obtained new sorbents have an affinity for gold and silver ions only. The gold ions recovery occurs with significantly higher yield, up to 98 %. The correlation between the sulfur content in the sorbent and the retention rate of metal ions is observed. It can therefore be concluded that new synthesized sulfur-containing sorptive materials can be used in the recovery and concentration of precious metal ions. A more detailed analysis of the sorption properties of the obtained materials towards precious metal ions will be the subject of another publication.
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